In this paper, we propose a novel speech enhancement method based on dual-tree complex wavelet transforms (DTCWT) and nonnegative matrix factorization (NMF) that exploits the subband smooth ratio mask (ssRM) through a joint learning process. The discrete wavelet packet transform (DWPT) suffers the absence of shift invariance, due to downsampling after the filtering process, resulting in a reconstructed signal with significant noise. The redundant stationary wavelet transform (SWT) can solve this shift invariance problem. In this respect, we use efficient DTCWT with a shift invariance property and limited redundancy and calculate the ratio masks (RMs) between the clean training speech and noisy speech (i.e., training noise mixed with clean speech). We also compute RMs between the noise and noisy speech and then learn both RMs with their corresponding clean training clean speech and noise. The auto-regressive moving average (ARMA) filtering process is applied before NMF in previously generated matrices for smooth decomposition. An ssRM is proposed to exploit the advantage of the joint use of the standard ratio mask (sRM) and square root ratio mask (srRM). In short, the DTCWT produces a set of subband signals employing the time-domain signal. Subsequently, the framing scheme is applied to each subband signal to form matrices and calculates the RMs before concatenation with the previously generated matrices. The ARMA filter is implemented in the nonnegative matrix, which is formed by considering the absolute value. Through ssRM, speech components are detected using NMF in each newly formed matrix. Finally, the enhanced speech signal is obtained via the inverse DTCWT (IDTCWT). The performances are evaluated by considering an IEEE corpus, the GRID audio-visual corpus, and different types of noises. The proposed approach significantly improves objective speech quality and intelligibility and outperforms the conventional STFT-NMF, DWPT-NMF, and DNN-IRM methods.
Introduction
Speech quality and intelligibility are degraded due to the presence of different types of noise. It is also worsened when environmental and background noises are present. A speech enhancement (SE) approach is developed to reduce the effect of noise, boosting the perceived quality and intelligibility of speech. In the literature, different SE approaches have been formulated based on speech and noise characteristics. Some of them are spectral subtraction [1, 2] , maximum likelihood spectral amplitude estimation [3] , maximum a posteriori spectral amplitude estimation [4] , statistical model-based Firstly, we propose a novel speech enhancement approach that adheres to the DTCWT and NMF with the Kullback-Leibler (KL) divergence cost function. Secondly, we derive the new matrix by applying the framing scheme, where the row corresponds to the frame number and the column to the frame length. Thirdly, we calculate the RMs for speech and noise from their mixtures and concatenate them with the previously formed matrix of speech and noise, respectively. Then, we take the absolute value and employ the ARMA filter to obtain smooth decomposition instead of direct use of the NMF. Finally, we propose the new ssRM by combining the sRM and srRM to enhance the performance of the speech signal.
The rest of this paper is organized as follows. Section 2 provides the formulated model of the proposed method. In Section 3, a short overview of NMF with cost functions is given. In Section 4, a brief explanation about DTCWT is presented. Section 5 provides a brief description of the DTCWT-NMF based speech enhancement method. Section 6 presents speech and noise databases with experimental conditions and discussion. Section 7 concludes the paper followed by the references.
Problem Formulation
Let us consider the observed speech signal, x(t), as x(t) = s(t) + n(t) (1) where s(t) is a clean speech signal and n(t) is a noise signal. Then, the DTCWT of the noisy signal in Equation (1) can be written as:
DTCWT{x(t)} = DTCWT{s(t)} + DTCWT{n(t)} (2)
where DTCWT represents the dual-tree complex wavelet transforms, DTcwt x signifies the RMs of the wavelet coefficients of the observed signal, DTcwt s denotes the RMs of the wavelet coefficients of the clean speech signal, and DTcwt n indicates the RMs of the wavelet coefficients of the noise. Here, DTcwt s and DTcwt n are unknown RMs of the wavelet coefficients and need to be estimated using the RMs of the noisy wavelet coefficients and the RMs of the clean training speech and the noise wavelet coefficients via NMF and the subband smooth ratio mask. Then, the enhanced time domain speech signal is obtained as:
where s(t) is the estimated time domain clean speech signal, DTCWT −1 represents the IDTCWT, and DTcwt S is the estimated clean speech RMs of the wavelet coefficients.
Non-Negative Matrix Factorization (NMF)
NMF is an approach that is used for decomposing any nonnegative matrix, X, into a non-negative basis matrix, W, and a nonnegative weight matrix, H. Thus, we have:
where each column vector of matrix X is estimated by a weighted linear combination of the basis vectors, which are the columns of W and the weights for the basis vectors that appear in the corresponding columns of H. Nonnegative basis vectors of matrix W are optimized to allow the data matrix, X, to be estimated as a positive linear combination of its constituent vectors. The matrices, W and H, are approximated by using the following optimization problem as:
where both matrices, W and H, are nonnegative. C represents the cost function, which approximates the distance between X and WH. Two types of cost function are reported in [31] . The first one is the Euclidean distance (ED) cost function, given as follows:
The matrices, W and H, can be computed through the following iterative updates as:
The second one is the KL divergence cost function, given as follows:
The KL cost function works well in audio source separation, and therefore, we will consider it in our new approach. The matrices, W and H, are obtained through the following iterative updates:
where 1 represents a matrix of ones with the same size as X, and the division and the operator, ⊗, are element-wise division and multiplication, respectively.
Dual-Tree Complex Wavelet Transform (DTCWT)
The DWT has been well adopted in recent decades in many signal processing applications. This is due to its ability to provide an efficient time-frequency analysis of signals. However, despite these efficiencies, the DWT suffers from the following drawbacks:
The SWT solves the lack of shift invariance problem by eliminating downsampling operators, but it is a very highly redundant transform. It represents a redundancy as much as N × J (N is the length of the input signal and J is the maximum number of decomposition levels) and, as a result, denoising procedures consume considerable computation time. One solution for the shift-invariant wavelet transform without high redundancy is the complex wavelet transform, which takes advantage of complex-valued filters instead of real ones. For perfect reconstruction properties, the complex filters must be analytic. However, the successful design of an analytic complex-valued filter for implementation in filter banks is difficult. Kingsbury introduced a more computationally efficient approach for a shift invariance transform; the DTCWT has the following properties [32] :
Limited redundancy, independent of the number of levels, it has 2:1 redundancy.
•
Efficient order-N computation, only twice the DWT.
The two real wavelet transforms use two different sets of filters, with each satisfying the PR conditions. The two sets of filters are jointly designed so that the overall transform is approximately analytic [33] . According to its name, the DTCWT uses two wavelet trees. The input signal is applied to the two trees, and it is decomposed into four subbands. r 0 (n), r 1 (n) (real part) and i 0 (n), i 1 (n) (imaginary part) are the low pass and high pass filters of the two wavelet trees, respectively. The two-level decomposition of the DTCWT is shown in Figure 1a , and the filter bank for implementing the inverse of DTCWT (IDTCWT) is shown in Figure 1b . For the implementation of the DTCWT, no complex arithmetic is needed because the filters themselves are real. The number of coefficients in the DTCWT at each level is two times DWT so that the DTCWT is a redundancy, and compared with SWT it is small. So, to analyze and synthesize speech signals, the DTCWT is a powerful mathematical tool. • Efficient order-N computation, only twice the DWT.
The two real wavelet transforms use two different sets of filters, with each satisfying the PR conditions. The two sets of filters are jointly designed so that the overall transform is approximately analytic [33] . According to its name, the DTCWT uses two wavelet trees. The input signal is applied to the two trees, and it is decomposed into four subbands. r (n), r (n) (real part) and i (n), i (n) (imaginary part) are the low pass and high pass filters of the two wavelet trees, respectively. The two-level decomposition of the DTCWT is shown in Figure 1a , and the filter bank for implementing the inverse of DTCWT (IDTCWT) is shown in Figure 1b . For the implementation of the DTCWT, no complex arithmetic is needed because the filters themselves are real. The number of coefficients in the DTCWT at each level is two times DWT so that the DTCWT is a redundancy, and compared with SWT it is small. So, to analyze and synthesize speech signals, the DTCWT is a powerful mathematical tool. 
DT-CWT-NMF Based Speech Enhancement System
The STFT-NMF and DWPT-NMF based speech enhancement systems were studied in [24, 34] . The DNN that is used to estimate the ideal ratio mask (IRM) for speech separation (DNN-IRM) was studied in [29] . The DNN has three hidden layers, each having 1024 rectified linear (ReLU) hidden units. The input layer is given the following set of complementary features that are extracted from a 64-channel Gammatone filterbank: Amplitude modulation spectrogram (AMS), relative spectral transform, and perceptual linear prediction (RASTA-PLP); mel-frequency cepstral coefficients (MFCC); and the cochleagram response, as well as their deltas. The standard backpropagation algorithm coupled with dropout regularization (dropout rate 0.2) is used to train the networks and the adaptive gradient descent is also used along with a momentum term as the optimization technique. A momentum rate of 0.5 is used for the first five epochs, after which the rate increases to and is kept at 0.9. The DNNs are trained to predict the desired outputs across all frequency bands, and the mean squared error (MSE) is used as the cost (loss) function. In this paper, we propose a novel speech enhancement system that adopts DTCWT and NMF with ssRM. Figure 2 depicts the main structure of our proposed speech enhancement system, and it consists of two phases: The training phase and test phase.
Training Phase
In the training phase, the clean speech signal, s(t), noise, n(t), and noisy speech, sn(t), pass through the DTCWT and yield a set of subband signals, i.e., {s , }, {n , }, and {sn , }, where J represents the level of DTCWT, b denotes the subband index, and t indicates the tree level. The standard deviation of each subband signal is calculated and preserved. The overlapping framing scheme is implemented in each subband signal to create the subband signal matrix, where the 
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corresponds to the frame number and the row corresponds to the frame length, i.e., S We calculate the RMs for speech, Rs , , and noise, Rn , , from their mixture, SN , , by using Equations (15) and (16) . Then, the RMs are concatenated with their corresponding speech, S , , and noise, N , , by using Equations (17) and (18):
We consider only the absolute value of these concatenated matrices to removing negativity, i.e., |SRs , | and |NRn , |. Instead of using NMF directly, to decompose the nonnegative matrices, |SRs , | and |NRn , |, we generate the new matrices by applying the second-order ARMA filtering scheme reported in [35] 
We consider only the absolute value of these concatenated matrices to removing negativity, i.e., b,t |, we generate the new matrices by applying the second-order ARMA filtering scheme reported in [35] to the nonnegative matrices for smooth decomposition. We then analyzed the matrix, SRs SRs using Equation (12) with the help of Equations (13) and (14) . Similarly, the noise basis matrix, W Rn for the subband noise ratio mask are learned jointly via NMF), associated with the subband b is derived by using the noise in the training data set. Finally, these matrices are concatenated and obtain the final concatenated matrix as follows:
I , for I = SRs, NRn using NMF with the KL cost function and prepare the matrix, W b,t SNRsRn , using Equation (19).
Test Phase
In the test phase, the noisy speech signal, x(t), passes through the DTCWT and provides a set of noisy subband signals, i.e., {x J b,t }. Applying the process above, we obtain the nonnegative matrix as: (12) and (14), where the initial value of H b,t
Experiments and Discussion
Firstly, the experimental setup and evaluation techniques are introduced briefly. Secondly, the efficiency of our proposed method is diagnosed with STOI scores. Thirdly, the effects of the ARMA filter and ssRM are inspected. Fourthly, we compare the overall performance of our proposed method with the baseline (noisy data), STFT-NMF, and DWPT-NMF regarding HASQI and HASPI. Fifthly, the overall performance of the DTCWT-NMF with the previous three methods and the DNN-IRM are examined. Sixth, the unseen noise case of DTCWT-NMF with the unseen noise case of the baseline, STFT-NMF, DWPT-NMF, and DNN-IRM methods are compared concerning STOI and PESQ scores. Seventhly, we consider a multi-speaker dataset and compare our proposed method with the DNN-IRM and the DWPT-NMF regarding STOI and PESQ. Finally, we show the spectrograms of the clean speech, noisy speech, estimated speech through STFT-NMF, estimated speech through DWPT-NMF, estimated speech through DNN-IRM, and estimated speech through our proposed method.
Experimental Setup
For the experiment, an IEEE corpus [36] spoken by a single male speaker with 720 utterances at a sampling rate of 25 kHz is utilized to train, tune, and test our proposed system. We consider only 300 utterances for the training set by choosing randomly from 1 to 400, 100 utterances for the tuning set by selecting from 400 to 550, and another 100 utterances for the test set by choosing randomly from 551 to 720. Every utterance is downsampled at 16 kHz, and the length of these utterances is around 2 to 3 s. Eleven types of noises (e.g., stationary, non-stationary, quasi-stationary, and speech-shaped noises) are used for training, tuning, and testing purposes: Babble, birds, cafe, car, casino, factory, keyboard, machine gun, PC fan, speech-shaped noise (SSN), and street, which are drawn from different databases, such as the Aurora-2 database [37] and NOISEX-92 dataset [38] . Each noise is artificially added to the clean training, tuning, and test signals to generate the training, tuning and test noisy signals at five signal-to-noise ratios (SNRs) ranging from 10 dB to −10 dB with a 5 dB interval. Each noise length is around 30 s. Also, a random cut from the first 15 s of each noise is mixed with each training (tuning) utterance to generate the training (tuning) set. A random cut from the last 15 s of each noise is combined with each testing utterance to create the testing mixtures. Dividing the noise into two halves ensures that the testing noise segments are unseen during training. The applied magnitude spectrograms for STFT-NMF are computed by using a 1024 sample hamming window with 50% overlapping. The number of frames of the basis matrix is 40 for all the methods, the frame size is 1024 samples, and the frameshift is 20 samples followed in [24] for the DWPT-NMF and DTCWT-NMF methods, respectively. Furthermore, the level of the wavelet is 3, the mother wavelet functions are Daubechies16 (db16) for DWPT/IDWPT and dtf2 for DTCWT/IDTCWT, and the iterations for training and testing are 100 and 50, respectively.
Evaluation Methods
We used the hearing aid's speech quality index (HASQI) [39] , the hearing aid's speech perception index (HASPI) [40] , the perceptual evaluation of speech quality (PESQ) [41] , and the short-time objective intelligibility (STOI) [42] to evaluate the speech quality and intelligibility. Both of the HASQI and HASPI scores range from 0 to 1, and higher scores correspond to better sound quality and intelligibility, respectively. The PESQ is chosen as the objective quality test. It is widely used to assess the objective quality of speech signals. It gives scores in the range of −0.5 to 4.5, where higher scores correspond to better speech quality. STOI returns scores between 0 and 1, where higher STOI values imply better intelligibility. Besides, we calculated the performance of these enhancement methods (STFT-NMF, DWPT-NMF, DNN-IRM, and DTCWT-NMF) using the aforementioned metric scores by averaging over 100 test signals and 11 types of noises. The experiments 6.3 to 6.6 are handled by using the training set and the tuning set for the training stage and test stage, respectively. The best methods or parameters are then used to test the overall performance in experiment 6.7 by using the test set for the test stage.
The Efficiency of the Proposed System
In this subsection, we study the impact of the proposed method over the DWPT-NMF method with the ED and KL cost functions regarding STOI scores at different SNR levels. Figure 3 shows the performance comparison between the proposed method and the other methods, including the DWPT-NMF-ED, DWPT-NMF-KL, and DTCWT-NMF-ED methods, where the test signal is mixed with babble noise. Figure 3 shows that the proposed method, DTCWT-NMF-KL, has higher STOI values compared to the other methods except for the noise level of 5 dB. Therefore, we employed the DTCWT-NMF-KL method (referred to this paper as DTCWT-NMF) in the overall performance evaluation section. DWPT-NMF and DTCWT-NMF methods, respectively. Furthermore, the level of the wavelet is 3, the mother wavelet functions are Daubechies16 (db16) for DWPT/IDWPT and dtf2 for DTCWT/IDTCWT, and the iterations for training and testing are 100 and 50, respectively.
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The Efficiency of the Proposed System
In this subsection, we study the impact of the proposed method over the DWPT-NMF method with the ED and KL cost functions regarding STOI scores at different SNR levels. Figure 3 shows the performance comparison between the proposed method and the other methods, including the DWPT-NMF-ED, DWPT-NMF-KL, and DTCWT-NMF-ED methods, where the test signal is mixed with babble noise. Figure 3 shows that the proposed method, DTCWT-NMF-KL, has higher STOI values compared to the other methods except for the noise level of 5 dB. Therefore, we employed the DTCWT-NMF-KL method (referred to this paper as DTCWT-NMF) in the overall performance evaluation section. 
The Effect of Speech and Noise Ratio Mask

We investigated the effect of speech and noise RMs that are learned jointly with the speech and noise training data considering four noises at five SNR levels as shown in Figure 4 . According to Figure 4 , we can achieve higher STOI values in all given noises and SNR levels based on speech and noise RMs. Also, we observed that the improvements of the STOI values in low SNR cases are gradually higher than high SNR cases. So, we exploited the speech and noise RMs in the overall performance evaluation section. We investigated the effect of speech and noise RMs that are learned jointly with the speech and noise training data considering four noises at five SNR levels as shown in Figure 4 . According to Figure 4 , we can achieve higher STOI values in all given noises and SNR levels based on speech and noise RMs. Also, we observed that the improvements of the STOI values in low SNR cases are gradually higher than high SNR cases. So, we exploited the speech and noise RMs in the overall performance evaluation section. 
The Effect of the ARMA Filter
We observed and compared the outcomes of an ARMA filter in the system performances concerning STOI scores for four noises at five SNR cases. As we can see from Figure 5 , it delivers a better impact on the system performance compared with the system performance without using the ARMA filter. So, we used the ARMA filter in the overall performance evaluation. 
Impact of the Proposed Subband Smooth Ratio Mask
Finally, we analyzed the impact of ssRM on STOI values at different SNR conditions. Figure 6 illustrates the ssRM at different α values. If we consider α = 0.8, it has a better STOI value in almost all SNR conditions than the other two α values as can be seen in Figure 6 . So, the value of α is considered 0.8 in Equations (31) and (32) . 
Overall Performance Evaluation
Based on the HASQI and HASPI metrics, we compared the performance of the proposed method with the baseline (unprocessed noisy speech), STFT-NMF, and DWPT-NMF methods. Tables 1 and 2 show the experimental results of five SNR cases. According to Tables 1 and 2 , we confirmed that the proposed method provides better HASQI and HASPI scores than the STFT-NMF, DWPT-NMF, and baseline methods for all SNR cases. For this consequence, we presume that the DTCWT-NMF method improves the performance significantly concerning the quality and intelligibility of the speech signal. We also find that the HASQI scores are gradually improved from 
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Overall Performance Evaluation
Based on the HASQI and HASPI metrics, we compared the performance of the proposed method with the baseline (unprocessed noisy speech), STFT-NMF, and DWPT-NMF methods. Tables 1 and 2 show the experimental results of five SNR cases. According to Tables 1 and 2 , we confirmed that the proposed method provides better HASQI and HASPI scores than the STFT-NMF, DWPT-NMF, and baseline methods for all SNR cases. For this consequence, we presume that the DTCWT-NMF method improves the performance significantly concerning the quality and intelligibility of the speech signal. We also find that the HASQI scores are gradually improved from high to low SNR cases of the DTCWT-NMF method, whereas the HASPI scores are abruptly improved in low SNR cases than high SNR. Ultimately, we speculate that the proposed method works well in low SNR cases based on HASPI values. Tables 3 and 4 list the PESQ and STOI values of different methods, including the baseline, STFT-NMF, DWPT-NMF, DNN-IRM, and DTCWT-NMF methods, under five SNR conditions. From Table 3 , it can be seen that the DTCWT-NMF yields better PESQ values than the baseline, STFT-NMF, and DWPT-NMF methods in all SNR conditions. Contrarily, the DTCWT-NMF method outperforms the DNN-IRM for PESQ values under low SNR conditions. Similar performance trends can be observed from Table 4 for STOI values. In the unseen noise case, we considered five types of noises: Babble, birds, cafe, car, and casino for training and six types of noises: Factory, keyboard, machine gun, pc fan, speech-shaped noise (SSN), and street for testing. Moreover, we calculated the performance of the baseline, U-STFT-NMF, U-DWPT-NMF, U-DNN-IRM, and U-DTCWT-NMF methods using the STOI and PESQ metrics by averaging over 100 test signals and six types of noises. It is noted that the prefix, U, of these methods indicates the unseen noise case of the STFT-NMF, DWPT-NMF, DNN-IRM, and DTCWT-NMF methods. Table 5 compares the performance of the U-DTCWT-NMF method with the other three techniques, including U-STFT-NMF, U-DNN-IRM, and U-DWPT-NMF, and the baseline at five SNR conditions. By observing Table 5 , it can be seen that the U-DTCWT-NMF method outperforms the U-STFT-NMF and U-DWPT-NMF regarding STOI and PESQ in all SNR cases, whereas the U-DTCWT-NMF outperforms the U-DNN-IRM method in low SNR cases. Thus, it confirms our previous conclusion that the performance of the proposed method is better than the other three methods, including STFT-NMF, DWPT-NMF, and DNN-IRM, and the baseline in low SNR cases. In the multi-speaker case, we collected the speech signals and non-stationary noises from the GRID audio-visual corpus [43] and the NOISEX-92 corpus [38] , respectively. The noise types include factory floor noise, tank noise, military vehicle noise, and speech babble. Ten male and ten female speakers' utterances were used to form an experimental group for each noise type under each input SNR of −10 dB, −5 dB, 0 dB, 5 dB, and 10 dB. In each group, we used the speech and noise segments of 60 seconds for training and the mixture segment of 10 seconds for testing. Meanwhile, the results of 20 speakers in each group were averaged for every noise type under one input SNR. Table 6 comprises the comparison of the performances for the DWPT-NMF, DNN-IRM, and DTCWT-NMF regarding STOI and PESQ metrics under five SNR cases. As shown in Table 6 , the proposed method outperforms the other two methods at low SNR conditions concerning STOI and PESQ. The noisy spectrogram is displayed in Figure 7b , which is a mixture of clean speech as illustrated in Figure 7a and babble noise at 0 dB SNR. The spectrograms of the enhanced speech signals applying the STFT-NMF, DWPT-NMF, DNN-IRM, and DTCWT-NMF methods are visualized in Figure 7c -f, respectively. These figures depict that the STFT-NMF and DWPT-NMF methods show higher speech distortion than the DTCWT-NMT method when the frequency is high. Thus, the proposed method successfully eliminates the background noise from the mixed signal even when the noise level is high and concurrently obtains a better estimation of the speech signal with fewer distortions (red circles in the figures indicate the location). 
Conclusion
In this study, we proposed a novel speech enhancement method that adheres to the DTCWT and NMF with the KL cost function to achieve better performance of speech signal from noisy signal. The main focuses of our research were the development of the wavelet-based speech enhancement method over the STFT based method, estimation of RMs through the joint learning process, application of an ARMA filter to achieve better decomposition results in NMF, and the adoption of ssRM. Furthermore, better results were achieved by considering small training data, less iterations, and maintaining redundancy at an acceptable level. Systematic evaluation using objective metrics indicated that the proposed method should improve speech quality and intelligibility in a wide range of noisy conditions. The interesting point is that the proposed method works better than the DNN-IRM method concerning STOI and PESQ metrics at low SNR conditions, since the DTCWT decomposes the time-domain signal into a set of subband signals and obtains a good time-frequency resolution (i.e., good time-frequency resolution means high-frequency components of a signal have good time resolutions and low-frequency components of a signal have good frequency resolutions). 
Conclusions
In this study, we proposed a novel speech enhancement method that adheres to the DTCWT and NMF with the KL cost function to achieve better performance of speech signal from noisy signal. The main focuses of our research were the development of the wavelet-based speech enhancement method over the STFT based method, estimation of RMs through the joint learning process, application of an ARMA filter to achieve better decomposition results in NMF, and the adoption of ssRM. Furthermore, better results were achieved by considering small training data, less iterations, and maintaining redundancy at an acceptable level. Systematic evaluation using objective metrics indicated that the proposed method should improve speech quality and intelligibility in a wide range of noisy conditions. The interesting point is that the proposed method works better than the DNN-IRM method concerning STOI and PESQ metrics at low SNR conditions, since the DTCWT decomposes the time-domain signal into a set of subband signals and obtains a good time-frequency resolution (i.e., good time-frequency resolution means high-frequency components of a signal have good time resolutions and low-frequency components of a signal have good frequency resolutions). Subsequently, the noise can be properly eliminated from the noisy signal via NMF. In the case of unseen noise, the proposed method significantly outperforms the baseline, STFT-NMF, DWPT-NMF, and DNN-IRM methods in low SNR conditions as shown in the experimental results. In the future, we intend to consider better mother wavelets to improve this algorithm and a deep neural network (DNN) for secondary estimation.
